During the past 15 years there has been a rapid and extensive development of the use of isotopes in biological and medical investigation. In 1923, Hevesy's pioneering studies, in which thorium B was used to investigate the absorption and localization of lead by plants, revealed some of the possibilities of the use of tracer technique for biochemical research. The exploitation of these possibilities marked time, however, until isotopes of elements more widely associated with biochemical processes were made available. The discovery of deuterium by Urey in 1931 and the development of methods for production of heavy water were the first steps toward providing stable isotopes for tracer studies in biological systems.
There soon followed the preparation of the heavy isotopes of nitrogen, carbon and oxygen, which, with hydrogen, constitute a large portion of the elements of interest to the biologist. The discovery of artificial radioactivity by Joliot and Curie in 1934 led before long to the production of a number of radioactive isotopes which are of value in biological investigations. The past decade and a half have witnessed a swift and enthusiastic application of stable and radioactive isotopes to a wide variety of biologic studies.
The reports of these studies form a voluminous literature. Several reviews (1-7) which deal with various aspects of tracer research have appeared in recent years. The scope of the present discussion is limited to the use of stable isotopes and it is not the purpose of this paper to attempt another review, which would require far more space .than is available. This paper is designed to indicate some of the types of investigative problems for which tracers are particularly suited and to present illustrative examples of studies in which stable isotopes have been used.
The discussion is presented in two parts. I. Types of problems for which isotope investigation is suitable. A. Problems of dilution and transport-the addition of isotopic substance A to a biologic system and the subsequent isolation of substance A and the determination of its isotope content. B. Problems of conversion-the addition of isotopic substance A to a biologic system and the subsequent isolation of substance B and the determination of its isotope content. C. Kinetics of biochemical reactions. II. An illustration of the use of isotope techniques in the investigation of related problems in one field: the biosynthesis and metabolism of porphyrins.
Problems of Dilution and Transport
Shortly after Hevesy's first experiments with thorium B, one of his colleagues expressed the hope that a tracer would be found which could permit the determination of the fate of individual water molecules such as those in the tea they were about to drink (8) . Within a decade Urey's discovery of deuterium and preparation of heavy water had provided an indicator which could help in the solution of such a problem. This type of problem is characteristic of a number of questions which can be answered by a basically simple application of the isotope technique. This application consists in introducing a labeled substance of known isotope concentration into a system and subsequently measuring the isotope concentration of the same substance in the system as a whole or in one or more of its constituent units. One can trace the fate of the labeled substance, i.e., its distribution and localization, and one can measure the time relationships of its distribution. In terms of biological experimentation, this technique is applicable to the study of mechanisms and rates of transfer of biological substances by absorption, secretion or excretion and to the study of diffusion and membrane permeability. The same technique is applicable to the solution of quantitative analytic problems, whether primarily biological or chemical. By determining the dilution in isotope concentration of the labeled substance after its addition to the system one can determine the amount of this substance which is present in the system. In A few examples which are representative of the various applications of this type of tracer work may serve to illustrate the use of the technique. Hevesy and Hofer investigated the rate at which water is eliminated from the human body (8) . They administered heavy water to a subject and subsequently measured the deuterium concentration in the urine. By determining the interval between the time of maximal concentration of deuterium in the urine and the time when the deuterium concentration in the urine was one-half the maximal value, they) determined tl./2, the time required for one-half of the heavy water ingested to be eliminated from the body. This value is nine days. Inasmuch as the biologic behavior of heavy water of low isotope concentration is essentially the same as that of ordinary water, this value for t1/2 applies equally to ordinary light water. The average time which a water molecule spends in the body is t1/2 X In 2, or 13 days.
In the same study, these investigators applied the principle of isotope dilution to determine the water content of the body. After the first day the deuterium concentration in the water of urine may be taken as the deuterium concentration in total body water. This is based on the reasonable assumption that the heavy water becomes completely mixed with the total body water and is handled in the body in a manner indistinguishable from that of ordinary water. The total body water volume is then equal to the product of the deuterium concentration and the volume of the heavy water administered divided by the deuterium concentration in the urine. These calculations yielded a value for total water volume of 43 + 3 liters or 63 + 4 per cent of the body weight. This method was modified by Moore (9) The studies of Gellhorn and Flexner (10) on the transfer of water across the placenta illustrate this application of the isotope technique. DO was injected into a pregnant guinea pig, and after ten minutes during which equilibration of D20 between the various fluid compartments of the mother was known to occur, the fetuses were delivered by Caesarean section. By determining the total body water of the fetus and the deuterium concentrations in maternal and fetal plasma, it was possible to calculate the quantity of water transferred across the placenta per unit time. It was found that the rate of transfer of water across a unit weight of placenta from the 28th day of gestation to term increased about nine times, and that the rate of tranfer of water to a unit weight of fetus was parallel to the relative growth rate of the fetus.
The principle of isotope dilution has found ready application to quantitative analytic studies (11) (12) (13) . Most commonly, a small known amount of labeled substance is added to a system containing an unknown amount of the same substance unlabeled. By determining the dilution in the isotope concentration of the substance isolated from the system, the quantity of substance originally present in the system can be calculated. This technique permits accurate quantitative determinations of a large number of substances for which other good quantitative methods may not be available. In addition, the need for quantitative isola1256i tion of the substance is obviated. A pure sample adequate in amount for isotope analysis is sufficient. For accurate results it is essential that the labeled material which is added to the system and the material isolated from the system be pure.
The isotope dilution method has been used to determine quantitatively the optical isomers of amino acids present in amino acid mixtures (14) and to determine the amino acid content of horse hemoglobin (15) and human and bovine albumin (16) . Its use has demonstrated that the claim for the presence of large quantities of D-glutamic acid in malignant tumor tissue is invalid (17) .
A modification of this procedure has been described by Keston, Udenfriend, and Cannan (18) for amino acid analyses. A mixture of amino acids is treated with a labeled substance, e.g., piodophenylsulfonyl chloride labeled with I131. A large amount of the non-isotopic p-iodophenylsulfonyl derivative of the amino acid to be measured is added to the mixture and the compound is subsequently isolated and its specific activity (isotope concentration in the case of stable isotopes) determined. Inasmuchias stable derivatives may be formed with other amino acids in the mixture, the isolated compound may require numerous recrystallizations before purity is established. It should be noted that complete conversion of the amino acid to its derivative must occur if accurate results are to be obtained. This method permits the quantitative determination of microgram quantities of amino acids.
The principle of isotope dilution has been applied in reverse by Bloch and Anker (19) A striking example of the use of isotopes in the study of conversion reactions is the investigation of the biological synthesis of creatine and creatinine. Bloch and Schoenheimer (20) addressed their attention first to the relationship in vivo of creatine to its anhydride, creatinine. Creatine labeled with N15 was fed to rats and subsequently creatine was isolated from the muscles and creatinine from the urine. The N15 concentrations in the isolated creatine and creatinine were nearly identical and indicated that urinary creatinine is derived from body creatine. Similar studies were carried out in which after the preliminary period of feeding N15 labeled creatine, the rats were kept on. a creatine-free diet, during which time the isotope content of urinary creatinine was identical with that of body creatine. This finding indicated that body creatine is the sole precursor of urinary creatinine in an animal on a creatine-free diet.
Were any other nitrogenous source present, the isotope concentration in the creatinine would have been lower than that of the body creatine as a result of dilution with non-isotopic nitrogen.
To determine whether the creatine~:.creatinine reaction is reversible in vizo as it is in vitro, isotopic creatinine was administered to rats and body creatine was subsequently isolated. There was essentially no isotopic nitrogen in the creatine, a finding which indicates that in vivo creatinine is not convertible to creatine. The next step in these studies was the search for the biologic precursors of creatine. Clues to the identity of these precursors were provided by Brand et al. (21, 22) who found that patients with muscular dystrophy excrete more creatine after administration of glycine, and by Fisher and Wilhelmi (23) who reported that the addition of arginine to the fluid perfusing rabbit hearts resulted in a quantitative conversion to creatine. In addition Borsook and Dubnoff showed that guanidoacetic acid is methylated to creatine in surviving liver slices and that this methylation is markedly accelerated by the addition of methionine; they concluded that the methyl group of methionine is transferred to guanidoacetic acid to form creatine (24 N15 was administered to normal rats, creatine with a high isotope content was formed (25) . Similarlv sarcosine labeled with N" yielded creatine with equally high isotope content. Inasmuch as the ingestion of isotopic sarcosine was shown to lead to the deposition in proteins of isotopic glycine to the same extent as when glycine itself was fed, it was concluded that sarcosine is very rapidly demethylated after its ingestion and that it serves as a precursor of creatine only after demethylation to glycine (26) . When guanidoacetic acid labeled with N15 was fed, creatine was formed with an isotope content approximately the same as when an equivalent amount of isotopic creatine was administered; clearly, methylation of guanidoacetic acid to form creatine must occur quickly (25) .
With the role of glycine as a precursor established and with the demonstration of the rapid methylation of guanidoacetic acid to form creatine, there yet remained the problem of determining conclusively the biologic sources of the various groups in the creatine molecule. Working independently, Borsook and Dubnoff found that kidney slices could form guanidoacetic acid from arginine and glycine (27) And Bloch and Schoenheimer showed that the administration of arginine labeled with N1 in the amidine group resulted in the formation of creatine of high isotope concentration (28) . By degradation studies the latter investigators were able to show that the amidine nitrogen of creatine is derived from the amidine nitrogen of arginine, and that the nitrogen of the sarcosine group originates from glycine (29) .
The final link was provided when du Vigneaud et al. found that the administration to rats of methionine labeled with deuterium in the methyl group results in the formation of creatine with a high deuterium concentration (30, 31 (43) , and by Radin (44) . The principal consideration is the basic assumption of biological isotope research, namely, that isotopic molecules are biologically indistinguishable from non-isotopic molecules. In nearly all cases the additional assumption may be made that the appearance and disappearance of all molecules proceed at random. The simplest type of problem of reaction kinetics is concerned with a biological system in the steady state, i.e., the rate of appearance of the substance under study equals its rate of disappearance and, during the period of study, these rates remain constant. Under these conditions, the total number of molecules, M, of the substance in the system is equal to m, the number of molecules which enter (or leave) the system per unit of time, multiplied by the turnover time, T, the time required for the appearance in the system or disappearance from the system of M molecules of the substance.
One type of experiment in which the rate of synthesis and degradation of a substance may be calculated is that in which a small amount of the labeled substance which is normally synthesized in the system is added to the system and its rate of disappearance is measured. In the steady state the rate of disappearance is equal to the rate of appearance and is consequently a measure of the rate of turnover. The rate of creatine turnover was studied by this technique (45) . Adult rats were given isotopic creatine and were then placed on a creatine-free diet. Samples of creatinine were isolated at intervals from the urine. The isotope content of the creatinine was shown in the studies described earlier to be the same as that of the body creatine. The decrease in isotope concentration in the urinary creatinine indicates therefore the disappearance of labeled creatine from the tissues and its replacement by newly synthesized nonisotopic creatine. The curve of isotope concentration in the creatinine declines in exponential fashion, i.e., the decline in isotope concentration at any moment is proportional to the isotope concentration at that moment. Since the slope, K, of the declining isotope concentration curve is equal to m . i.e., the fraction of the total substance M which disappears from the system per unit time, and since i is the isotope concentration at any time t, then d= ki.
dt
On integration i = iLes t, in which i0 is the isotope concentration at the start of the experiment. On converting to logarithmic values, ln i = In i0 -k t. A plot of In i against t yields a straight line whose slope is k. Accordingly, by serial determinations of the isotope concentration, k can be calculated, and t1/2, the half lifetime, can be determined from the equation t1/2 = ln 2 Since T = t1/2 X In 2, the turnover time is also readily calculated. To express the rate of turnover in terms of units of weight per unit of time, M must be determined quantitatively by an independent procedure.
In the case of creatine in rats, the turnover rate was found to be about 0.02 per day. By determining the total body creatine, and the daily urinary creatinine excretion, it was found that the daily creatinine excretion corresponds to about 2 per cent of the total body creatine. The close agreement of these values for daily synthesis of creatine and excretion of creatinine precludes the existence of any major catabolic pathway for creatine other than creatinine formation and excretion.
Hoberman et al. (46, 47) When it is very difficult to synthesize an isotopic compound whose biologic turnover is to be studied, it may be possible to prepare the compound by biosynthesis and to study its turnover in the same or in another organism. An isotopic compound which is known to be a biologic precursor of the substance is administered to the subject and subsequently the substance is isolated serially and its isotope concentration is determined. In the case of substances in the dynamic state, the isotope concentration rises to a maximum shortly after the end of the administration of the isotopic precursor and then declines exponentially. The upward slope of the curve reflects the appearance of newly synthesized labeled molecules and their replacement of unlabeled molecules formed prior to the administration of the isotopic precursor. The declining portion of the curve results from the disappearance of labeled molecules and their replacement by newly synthesized molecules containing little or no isotope. Inasmuch as the degradation of the labeled molecules may in some cases result in isotopic fragments which can be reutilized for the synthesis of new molecules of the same substance, the rate of decline in isotope concentration may be slower than the actual rate of degradation. This discrepancy is probably not marked, however, for after the degradation of the labeled molecule, the isotopic fragment commonly enters a metabolic pool of similar fragments of lower isotope concentration. A representative sample of this pool is utilized for the synthesis of new molecules. These conditions approximate roughly the replacement of isotopic molecules by non-isotopic molecules and provide a good measure of the turnover rate of a substance in the dynamic state. This technique has been used to study the rates of turnover of serum and antibody proteins in the rabbit in whom it was found that the half lifetime of serum and antibody protein molecules is about two weeks (48 A theory and a practical procedure for evaluation of the rate of protein synthesis have recently been described by Sprinson and Rittenberg (51) . A small amount of N15 labeled amino acid is administered to the subject and the N15 content in the urine excreted after the administration of the amino acid is determined. The greater the utilization of the amino acid for protein synthesis, the smaller the total excretion of N15 during the period of study. and by serial determinations of the deuterium concentration in the substance under study one can measure the rate at which the substance is synthesized. The maximum deuterium concentration which is achieved in this substance is usually lower than that of the body water since a fraction of the hydrogen atoms of most compounds is not derived from body water. The half lifetime of a substance is the time required to reach 50 per cent of this maximum concentration. Studies on .the rate of formation of body cholesterol in the mouse have shown a half lifetime for the cholesterol molecule of 15 to The linear curve indicates that the change in isotope concentration is exponential in character and from the slope of the curve the half lifetime of serum cholesterol can be determined. In this normal male subject, the half lifetime is about nine days, the turnover time about 13 days (53).
The Biosynthesis and Metabolism of Porphyrins The preceding discussion has been concerned with presenting examples of the main types of biological problems which are readily investigated with the aid of isotopes. These studies are for the most part unrelated and are diffusely spread over a number of fields of research. It may be well, therefore, to present an account of studies which illustrate the application of a variety of isotope methods to the investigation of a group of related problems in one field. The studies to be described are concerned with the biosynthesis and metabolism of porphyrins.
These studies were initiated with the finding by Shemin and Rittenberg that glycine is specifically utilized for the biologic formation of the protoporphyrin of hemoglobin (54) . When glycine labeled with N15 is fed to a human, the hemin isolated from the red blood cells of the subject is found to contain N15 (55) . Serial determinations of the N15 concentration in the hemin describe a curve ( Figure 3) (55, 56) Despite a rather wide range in the ages at death of the red cell population, the time span which encompasses the ages at death of half (the second and third quarters) of the cell population is relatively short. In the two normal male subjects this time span was found to be 28 and 35 days, in the normal female subject 32 days. This isotope method possesses the unique advantage of making possible the study of the life span and pattern of destruction of the red cells in the same individual in whom the cells are made and destroyed without altering the usual state of the individual. Accordingly, it is well suited to the study of hemoglobin synthesis and red blood cell dynamics in normal and pathologic states.
Polycythemia vera is one of the clinical disorders which has been investigated with the aid of this method (56) . The study was performed in an attempt to determine the factors which might be operative in the production of the characteristic abnormality of the disease, namely, the marked increase in the total number of circulating erythrocytes. Theoretically this increase might result from one or both of these factors: (1) an increased rate of hemoglobin and erythrocyte synthesis and (2) prolonged life of the erythrocytes. A patient in a fully developed stage of the disease was given glycine labeled with N15 in a dosage equivalent to that used in the normal subjects. Figure-4 describes the curve of the isotope concentration in hemin. The pattern of red cell destruction is normal and the average life span of the red cells is 131 days, a value close to the values obtained in the normal subjects. Inasmuch as the erythrocyte life span is essentially normal, the marked increase in the number of circulating red cells must be associated with an elevated rate of red cell and hemoglobin synthesis. In this patient the rate of synthesis was 2.5 times the normal value. These findings demonstrate a functional hyperactivity of the blood-forming apparatus in polycythemia vera in a fully developed stage of the disease. It is likely that the development of the polycythemia earlier in the disease is also characterized by increased hematopoietic activity with the maintenance of a normal erythrocyte life span. Various theories have been proposed for the etiology of polycythemia vera but conclusive proof in support of any of them is lacking. The fundamental cause of the functional hyperactivity of hematopoietic tissue remains unknown. The theory, first proposed by Minot and Buckman (57) , that polycythemia vera is a neoplasm, appears to be most compatible with available evidence. The persistent bone marrow hyperplasia involving all marrow elements, the development of leukemia in some cases of polycythemia vera and the development of polycythemia in some cases of leukemia suggest that this is a neoplastic process. It appears to be a benign neoplasm which can develop malignant characteristics. If it is a neoplasm, it is an instance of neoplastic growth which is associated with an increase in synthetic activity with no apparent diminution in degradative activity. The fundamental cause, however, remains no less obscure than that of other forms of neoplasia.
Sickle cell anemia is another clinical disorder which has been investigated with the aid of the isotope method (56) . A patient with the characteristic findings of this disease received labeled glycine in a dosage similar to that used in the normal subjects. The curve of isotope concentration in the hemin is shown in Figure 5 . It is markedly different from the normal. Following a rapid rise to a maximum on the seventh day, the curve declines exponentially. The exponential decline results from a random disappearance of labeled heme from the circulating blood, i.e., the heme is removed from the circulation at a rate which is independent of the age of the heme at the time of its degradation. A curve of this shape could result from (1) red blood cells and a consequent loss -of labeled heme from the circulating blood; or (2) a random degradation and synthesis of heme in circulating red blood cells which are morphologically intact; or (3) random synthesis and degradation of heme in red blood cells which are themselves undergoing random destruction. The latter two possibilities seemed unlikely in the light of earlier studies which demonstrated that the hemoglobin of circulating erythrocytes is not in the dynamic state. However, when the whole blood of patients with sickle cell anemia is incubated with N'5 labeled glycine heme labeled with N15 is formed (58) . This in vitro synthesis of heme indicates that the peripheral blood in patients with sickle cell anemia may synthesize heme. The synthesis in the in vitro experiments occurs at a rate of only 0.1 -0.2 per cent of the red cell heme in 24 hours. If all the hemoglobin in the circulating erythrocytes of sickle cell anemia were synthesized in the peripheral blood at a rate of the same order of magnitude as in the in vitro experiments, the hemoglobin turnover would be ten to 25 times slower than that which is actually observed in this case. It would seem that the random disappearance of heme must be due for the most part to an indiscriminate destruction of erythrocytes. If some random synthesis of heme in the peripheral blood of patients with sickle cell anemia does occur, it probably plays a very minor role in the hemoglobin turnover in this disease.
Inasmuch as the erythrocytes of sickle cell anemia are destroyed indiscriminately, they do not have a true life span and their survival is more appropriately measured in terms of their half lifetime. The half lifetime (t1/2), i.e., the time required for the isotope concentration to decline from any given value on the declining portion of the curve to one-half that value, is 29 days in this case. The mean survival time, or turnover time (t,/2 X ln 2), is 42 days. With these data and determinations of total circulating hemoglobin and red blood cell volumes, the rates of hemoglobin and red cell production may be calculated. The rates in this patient were found to be nearly three times the normal. (59, 60) . Pernicious anemia is another disease process which has been investigated (56) . A patient with the typical physical and laboratory findings of the disease received N15 labeled glycine. No antianemia therapy had been given when the experiment was begun. The curve of isotope concentration in hemin, the red blood cell counts, hemoglobin values, and reticulocyte counts during the course of the study are shown in Figure 6 . The isotope concentration in hemin rose rapidly and was approaching its maximum on the 16th day. It was considered inadvisable to withhold treatment longer and liver extract therapy in large (, 16 The rise in hemoglobin and erythrocyte levels was accompanied by a decline in the isotope concentration in the hemin. This decline was anticipated for a dilution of the isotope concentration in the hemin of circulating erythrocytes should result from the release into the circulation of large numbers of new cells formed when the isotope concentration in the body glycine had fallen to a low value. The decline in isotope concentration persisted, however, after the erythrocyte and hemoglobin values approached normal levels and a mere dilution effect should have been minimal. To differentiate a dilution effect from actual destruction of the cells containing labeled hemoglobin, the changes in the total amount of N15 in the heme of circulating erythrocytes were determined. It has been shown (61) globin concentration in the peripheral blood serves as a reliable index of the total hemoglobin in circulation before and after the start of liver treatment in pernicious anemia. Accordingly, a curve representing the changes in the total amount of heme N15 in circulation could be obtained by multiplying the hemoglobin concentration in the peripheral blood by the isotope concentration in the hemin ( Figure 7 ). The initial rise in total heme N15 is similar to the rise in isotope concentration noted in Figure  6 . After the start of liver therapy, an additional rise occurs due to the influx of many new cells. Although these newly formed cells contain heme of relatively low isotope concentration, their total number represents a considerable increment in the quantity of heme N15 in the circulating blood. The maximum value for total heme N15 is attained about two weeks after the start of liver therapy. If the cells of untreated pernicious anemia enjoyed a normal life span, the curve would have maintained a plateau until the 40th to 60th day and then would have begun to decline. The curve declines, however, in linear fashion almost immediately after reaching its peak. If all the cells were destroyed indiscriminately, the decline would have been exponential. The linear decline suggests that the cell population is mixed, many of the cells being destroyed indiscriminately and others as a function of their age. From the declining portion of the curve it is possible to calculate that the mean survival time of the mixed cell population is 90 days and that the mean survival time of the cells formed prior to liver therapy is approximately 85 days. These calculations are presented in detail elsewhere (56) .
With these data and determinations of total hemoglobin and red blood cell values, it can be shown that the rate of production of erythrocytes capable of reaching the peripheral blood is only about 50 per cent of normal. This diminished rate of production and the diminished survival time of the cells in circulation are consistent with the view that in untreated pernicious anemia the erythrocytes are intrinsically defective. The absence of an abnormal hemolytic factor in the plasma of pernicious anemia patients is supported by studies with the Ashby technique (62, 63) which have shown an essentially normal survival of normal cells transfused to recipients with pernicious anemia. There is no marked deficiency in the rate of production of circulating hemoglobin which in this case was 80 per cent of normal.
After treatment with liver extract for one year, the patient was again studied. The findings reveal that the red blood cells are destroyed as a function of age, not indiscriminately, and that their average life span is 129 days, a normal value. Complete restoration to normal red cell dynamics has occurred (Figure 8 ).
In the untreated state, this patient showed only mild diminution in the rate of production of circu-* lating hemoglobin. But even a normal rate of production and destruction of circulating red cell hemoglobin fails to provide an adequate explanation for the very large amounts of bile pigment which are produced in pernicious anemia. To When a similar study was performed in the patient with pernicious anemia, an extraordinarily high concentration of N15 was found in the stercobilin isolated during the first several days of the experiment (65) . These findings indicate that a very large portion of the bile pigment produced in this disease is derived from one or more of the additional sources which have been suggested. The investigation of porphyrin metabolism was facilitated by the finding that heme synthesis occurs in vitro in the blood of patients with sickle cell anemia (58) and in avian nucleated erythrocytes (66) . Since significant heme synthesis is not observed in normal human blood under similar experimental conditions, the in vitro synthesis observed in the blood of sickle cell anemia was believed to be due to the presence of numerous immature reticulated cells. On incubation of blood samples from other subjects with hematologic disorders characterized by elevated reticulocyte counts, however, significant heme synthesis was not observed (58) . These findings indicated that although the reticulocytes in the blood of sickle cell anemia might be responsible for the heme synthesis, the mere presence of numerous reticulocytes in the blood of subjects with other hematologic disorders does not insure the ability of such blood to synthesize heme in vitro. Further studies (67) have confirmed the finding that some blood samples with elevated reticulocyte counts from patients with other blood dyscrasias do not perform significant in vitro heme synthesis. These studies have shown, however, that other blood samples with elevated reticulocyte counts from subjects with disorders other than sickle cell anemia may synthesize heme in vitro. To investigate some of the problems posed by these observations, the capacity for heme synthesis of reticulocytes in the blood of experimental animals which had no disorder of erythrocyte or hemoglobin formation was studied. The blood of previously normal rabbits in wjom reticulocytosis was induced by bleeding or phenylhydrazine hemolysis was incubated aerobically with N15 labeled glycine for period. These findings demonstrate that mammalian reticulocytes possess a significant capacity for heme synthesis and suggest that some heme synthesis may occur in vivo in the reticulocyte after its release into the peripheral blood.
The in vitro synthesis of heme by avian erythrocytes has been utilized to determine the precursors which participate in the biosynthesis of protoporphyrin. It has been found, using C14 labeled compounds, that both carbon atoms of acetic acid, the carbonyl carbon of pyruvic acid, and the methylene carbon of glycine are utilized in the synthesis of the carbon skeleton of protoporphyrin (68) . The utilization of the amino group of glycine for the synthesis of both types of pyrrole rings of protoporphyrin has been demonstrated by finding equal N15 concentrations in the two pyrrole types which were obtained by appropriate degradation of hemin formed following N15 glycine feeding (69) .
The biosynthesis of porphyrins and bile pigment has been investigated in a patient with congenital porphyria who excretes large amounts of uroporphyrin I and coproporphyrin I. Shortly after the feeding of N15 labeled glycine, very high concentrations of N15 were found in the coproporphyrin I, uroporphyrin I and stercobilin (65 Tracer studies have helped to develop a concept which provides insight into the mechanisms of biological synthesis. It has become evident that complex organic substances to a large extent are synthesized not from compounds of similar complex configuration but rather from small compounds of simple structure. The extensive participation of glycine and acetic acid in biosynthetic processes has. focussed attention on the biochemical versatility and significance of small simple compounds.
The outstanding contribution of isotope methodology to biochemical thinking has been the development of the concept of the dynamic state of the body constituents. The experimental basis and theoretical implications of this concept, which includes an appreciation of the kinetics of biochemical reactions, represent a major advance toward a thorough understanding of the processes which occur in the living cell. 
